With mounting evidence that nanomaterials can trigger adverse innate immune responses such as complement activation, there is increasing attention to the development of strategies that mask the complementactivating properties of nanomaterials. The current gold standard to reduce complement activation of nanomaterials is the covalent attachment of polymer coatings on nanomaterial surfaces, even though this strategy provides only moderate protection against complement activation. Akin to protein coronas that form on nanomaterial surfaces in physiological fluids, noncovalent strategies based on protein adsorption would offer a simplified, biomimetic approach to mitigate complement activation. Herein, we demonstrate that precoating graphene-based nanomaterials with purified, natural proteins enables regulatory control of nanomaterial-triggered complement activation. When the graphene-based nanomaterials were coated with complement factor H, nearly complete protection (>90% reduction) against complement activation (a "stealth effect") was achieved. By contrast, coating the nanomaterials with a passivating layer of bovine or human serum albumins achieved moderate protection (∼40% reduction), whereas immunoglobulin G amplified complement activation by several-fold. Taken together, our results demonstrate that surface-bound factor H, as well as serum albumins, can prevent graphene oxidetriggered complement activation, thereby offering a facile approach to inhibit complement activation completely down to naturally occurring levels.
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ABSTRACT: With mounting evidence that nanomaterials can trigger adverse innate immune responses such as complement activation, there is increasing attention to the development of strategies that mask the complementactivating properties of nanomaterials. The current gold standard to reduce complement activation of nanomaterials is the covalent attachment of polymer coatings on nanomaterial surfaces, even though this strategy provides only moderate protection against complement activation. Akin to protein coronas that form on nanomaterial surfaces in physiological fluids, noncovalent strategies based on protein adsorption would offer a simplified, biomimetic approach to mitigate complement activation. Herein, we demonstrate that precoating graphene-based nanomaterials with purified, natural proteins enables regulatory control of nanomaterial-triggered complement activation. When the graphene-based nanomaterials were coated with complement factor H, nearly complete protection (>90% reduction) against complement activation (a "stealth effect") was achieved. By contrast, coating the nanomaterials with a passivating layer of bovine or human serum albumins achieved moderate protection (∼40% reduction), whereas immunoglobulin G amplified complement activation by several-fold. Taken together, our results demonstrate that surface-bound factor H, as well as serum albumins, can prevent graphene oxidetriggered complement activation, thereby offering a facile approach to inhibit complement activation completely down to naturally occurring levels. KEYWORDS: factor H, serum albumin, graphene oxide, protein corona, protein coating, complement activation, immunomodulation G raphene-based nanomaterials possess remarkable electrical, mechanical, and optical properties and are increasingly utilized in biomedical applications such as drug delivery, imaging, and biosensing. 1−4 In particular, twodimensional graphene oxide (GO) sheets exhibit attractive properties such as excellent dispersibility in water and organic solvents as well as an extremely high specific surface area, which opens the door to a multitude of surface functionalization possibilities. 5−7 Detailed understanding of how GO interacts with biological systems is of paramount importance for biomedical applications, especially in the context of immune compatibility for human safety. 8, 9 To this end, a wealth of in vitro and in vivo studies have been performed in order to explore how graphene-based nanomaterials interact with the immune system, and a wide range of immune responses have been observed reflecting the rich milieu of influencing factors (e.g., physicochemical properties of the graphene sample including impurities, cell type, and administration route). 10, 11 For example, in one recent study, Sydlik et al. investigated the in vivo compatibility of GO and reduced graphene oxide (rGO) and identified that these nanomaterials elicit moderate immune responses akin to foreign body reactions, with quicker immune responses triggered by the reduced form. 12 Achieving deeper insight into how graphene-based nanomaterials, especially GO, interact with components of the immune system will not only advance fundamental knowledge but also contribute directly to realizing biomedical applications of GO.
Arguably, one of the least-studied topics within this purview involves understanding how GO activates the complement system, which is part of the innate immune response. 13 Indeed, complement activation is one of the most important topics relating to nanomaterials in medicine 14−17 as various classes of nanoparticles and imaging agents are known to induce complement activation-related pseudoallergy (CARPA), which are acute hypersensitivity reactions that can be life threatening and even fatal. 18, 19 Mechanistically, complement activation involves a highly orchestrated sequence of soluble and membrane-bound proteins and is triggered by the recognition of foreign particulates (e.g., nanomaterials, bacteria) in the bloodstream. 20 It can proceed via one or more of three pathways (classical, alternative, and lectin), and the first step in all three pathways is the binding of complement proteins onto a target surface. This event triggers a signaling cascade that is centered around the complement C3 protein and can stimulate phagocytic clearance, formation of the lytic membrane attack complex (MAC), and release of anaphylatoxin byproducts that cause immune reactions. 21, 22 There is an amplification loop within the alternative pathway that increases the overall complement response independent of which pathway was originally activated. 23 Along these lines, Feng et al. reported that GO activates the complement system, causing increases in anaphylatoxin levels. 24 Furthermore, Wibroe et al. determined that the oxidation state of GO influences the extent of complement activation, with more oxidized versions inducing greater complement activation. 25 Therefore, developing effective strategies to mask the complement-activating properties of GO is a key objective.
While soluble inhibitors have been utilized for regulating complement activation, their systemic administration can result in deleterious side effects, and hence, surface functionalization of nanomaterials with passivating molecules is a favorable approach that is actively being explored. 26, 27 To date, various efforts to control the immune effects of GO include surface functionalization with antioxidants 28 and polymer coatings. 29 Tan et al. reported that covalently attached poly(ethylene glycol) (PEG) coatings on GO moderately reduced complement activation along with diminished release of anaphylatoxins. 30 While such results are promising, the levels of complement inhibition were suboptimal, and PEG-coated surfaces are known to activate the complement system in any case. 31−34 Since GO has a high protein-binding capacity, noncovalent protein coatings are another promising direction, 35 especially in light of growing evidence that supports the critical importance of the protein corona in shaping the biological identity of nanomaterials, 36−39 and such coatings have been shown to reduce GO-mediated cytotoxicity against human cells 40 as well as to improve the dispersibility of GO sheets in biological media. 41 However, to our knowledge, protein coatings have never been investigated in the context of mitigating GO-induced complement activation.
Much can be learned from the wealth of studies involving complement activation of another popular carbon nanomaterial, carbon nanotubes, as first reported by Salvador-Morales. 42 It was further identified that covalent modification (e.g., coating carbon nanotubes with ε-caprolactam or L-alanine) could moderately reduce complement activation. 43 Importantly, it was observed that complement activation became more attenuated with increasing amounts of bound complement proteins (C1q and factor H), which spontaneously adsorbed onto the carbon nanotube surfaces when incubated in human serum. This finding suggested that precoating carbon nanotubes with purified serum proteins might prevent complement activation; however, attempts made with bovine serum albumin (BSA), human serum albumin (HSA), and human fibrinogen coatings were unsuccessful, likely due to incomplete protein adsorption across the carbon nanotube surfaces. 44−47 Pondman et al. reported that precoating carbon nanotubes with C1q fragments or factor H could partially reduce complement activation via the classical and alternative pathways, respectively. 48 Altogether, the results obtained in complementactivation studies on carbon nanotubes suggest that there is excellent potential to prevent nanomaterial-induced complement activation with protein coatings, but realization of this concept likely depends on the protein-binding capacity of a particular nanomaterial. 49 From a broader perspective, there is significant interest in exploring ways to functionalize biomaterial surfaces with natural proteins that are involved in down-regulating the complement system, especially the complement factor H protein, which is the second-most abundant complement protein in plasma. 50, 51 Andersson et al. coated polystyrene surfaces with factor H and identified that covalently tethered protein inhibited complement activation, whereas noncovalently bound protein was ineffective even though similar amounts of bound protein were achieved with both immobilization schemes. 52 Factor H has also been covalently attached to poly(ethylene oxide)-functionalized polystyrene surfaces, resulting in significantly reduced coagulation and complement activation. 53 Similar conjugation schemes have been adopted for coating factor H proteins onto the surface of mesenchymal stem cells, thereby protecting them from complement attack. 54 Mimicking how bacteria evade the human immune system by hijacking regulatory proteins, Wu et al. developed an alternative method to tether factor H-binding peptides covalently onto polystyrene surfaces, and when incubated in serum, factor H proteins became bound to this functionalized surface and significantly inhibited complement activation. 55, 56 Based on the aforementioned studies, there is strong evidence supporting that factor H coatings are an excellent biomimetic strategy to reduce complement activation. 57 However, to date, covalent tethering of regulatory proteins and peptides was necessary in all cases in order to reduce the extent of complement activation triggered by biomaterial surfaces, highlighting the significant and unmet potential to develop complement inhibiting surfaces based on noncovalent protein attachment.
Herein, we report a simple, noncovalent functionalization method to endow GO nanomaterials with stealth immune properties based on surface-bound protein coatings. Four different proteins were selected for investigation: BSA, HSA, factor H, and immunoglobulin G (IgG). BSA and HSA are structural homologues that were selected because serum albumins are the most abundant proteins in blood plasma and promote favorable biological activities when coated on GO (e.g., reduced cytotoxicity). Factor H was selected because it is the most widely studied complement regulatory protein for surface-coating applications, and it is expected to inhibit complement activation provided that the bound form is functionally active. On the other hand, IgG is an antibody that is involved in complement-mediated pathogen clearance, and its surface-bound form is known to promote complement activation. 58 Hence, the tested proteins have a wide range of biological functionality, and we demonstrate that the interaction between GO and the complement system can be ACS Nano Article DOI: 10.1021/acsnano.6b05409 ACS Nano 2016, 10, 10161−10172 modulated based on the identity of the protein coating. With rapid advances in scientific knowledge about how protein coatings modulate the biological activities of nanomaterials, 37,59−63 the present findings reinforce the notion that engineering synthetic protein coronas based on complement biology can greatly improve the immune compatibility of nanomaterials, particularly in the context of mitigating nanomaterial-induced complement activation.
RESULTS AND DISCUSSION
Protein-Coating Strategy. We begin by outlining the steps taken to prepare a complement-inhibiting protein coating on the surface of GO. A noncovalent functionalization approach was utilized that takes advantage of spontaneous protein adsorption onto individual GO flakes in solution. In this regard, GO is an ideal nanomaterial because it exhibits a high protein-binding capacity, 41,64−66 and adsorbed proteins are known to remain tightly bound. 67−69 Figure 1 presents a schematic illustration of the preparation scheme. GO and protein are incubated together in phosphate-buffered saline (PBS) for 2 h at 37°C, during which time proteins adsorb onto the GO surface. To remove unbound protein, the proteincoated GO samples are centrifuged, resulting in a sedimented pellet with protein-coated GO and the residual supernatant contains unbound protein. The supernatant is discarded, and fresh aqueous buffer solution is added in order to resuspend the pellet. As adsorbed proteins remain strongly bound to GO, this approach enables a simple, yet effective approach to prepare protein-coated GO sheets.
Preparation and Characterization of Graphene Oxide Nanomaterials. As the oxidation state of GO is known to influence its complement-activating properties, 25 we investigated the formation of protein coatings on two different GO preparations, specifically GO sheets prepared by Hummers' method and rGO sheets that underwent an additional reduction step with hydrazine (see the Experimental Methods and Materials). It is known that GO disperses well in aqueous solution, while rGO has tendencies to wrinkle and aggregate. 70 Scanning electron microscopy (SEM) micrographs show the formation of single-sheet GO flakes with an average surface area of 1.89 ± 0.19 μm 2 per sheet ( Figure 2a ). As expected, the SEM micrographs also revealed greater aggregation of rGO sheets (Figure 2b ). Atomic force microscopy (AFM) experiments confirmed the single-sheet morphology of GO flakes, with a sheet thickness of ∼1 nm ( Figure S1 ). On the other hand, rGO sheets display a wrinkled, folded morphology, which is consistent with aggregation.
As shown in Figure 2c , ultraviolet−visible (UV−vis) spectroscopic measurements display the characteristic shoulder of GO at 230 nm corresponding to the π−π* bonding of CC aromatic rings and the 300 nm band arising from n−π* transitions of CO bonds. 71 In addition, successful GO reduction is verified by a redshift of the 230 nm band to 260 nm and disappearance of the 300 nm band due to the absence of CO bonds. 72 The Raman spectrum of GO shows two characteristic intensity (I) peaks (D and G bands), and the I D / I G ratio was 0.95, which is consistent with GO samples ( Figure  2d ). Likewise, the I D /I G ratio for rGO increased to 1.1 because there is an increase in the number of defects in the carbon lattice for hydrazine-reduced GO. 73 Fourier transform infrared (FTIR) spectral measurements were conducted in transmission mode and revealed significant decreases in the intensities of the hydroxyl stretching band around 3400 cm −1 and the carboxyl stretching band at ∼1630 cm −1 for rGO ( Figure S2 ). 74 Moreover, for rGO, the intensity of the bending vibration of the C−OH group at ∼1360 cm −1 was diminished, while the intensity of the C−O stretching band at ∼1000 cm −1 increased. 75 Hence, morphological and chemical characterization efforts verify successful GO and rGO preparation toward evaluation of protein coatings.
Optimization of Protein Coating. We first investigated the effects of protein/nanomaterial mass ratio on protein loading efficiency and used BSA protein for the initial optimization experiments. The nanomaterial (GO or rGO) mass was fixed at 25 μg, and the amount of BSA varied accordingly. The BSA protein loading was determined by employing a bicinchoninic acid (BCA) assay in order to measure the bulk protein concentration. 76 Fixed amounts of nanomaterial and BSA in PBS solution were incubated for 2 h at 37°C, followed by centrifugation in order to separate unbound protein in the supernatant from the sedimented, protein-coated nanomaterial samples. The amount of loaded protein was determined based on calculating the difference between the stock BSA concentration and the BSA concentration in the residual supernatant (see Figure S3 ). These measurements enabled us to calculate the protein loading percentage by the following equation: [(C BSA-Total − C BSA-supernatant )/C GO ] × 100. Figure 3a presents the protein loading as a function of the protein/nanomaterial mass ratio, which was varied during the incubation step. For GO samples, the loading value reached saturation around 2.5:1 BSA/GO mass ratios and beyond. The measured saturation value (∼110%) is in good agreement with literature reports 40, 49 and confirms the high protein-loading capacity of GO as compared to other carbon-based nanomaterials (e.g., carbon nanotubes). By contrast, significantly less BSA protein was adsorbed onto rGO surfaces, with the loading value reaching only ∼75% at saturation indicating that the protein loading capacity of GO is higher than that of rGO. 24 This lower value is consistent with less available surface area due to rGO forming small aggregates in buffer solution. 49 To verify protein adsorption onto individual GO flakes, confocal microscopy experiments were conducted using protein-coated GO samples. 77 Fluorescein isothiocyanate (FITC)-labeled BSA was incubated for 2 h with GO in a 10:1 weight ratio, centrifuged, and washed extensively in order to remove unbound BSA. Then, the protein-coated GO sample was deposited on a clean glass substrate for imaging. Figure 3b shows that the protein-coated GO sample presents bright fluorescence with a nonfluorescent background. In contrast, uncoated GO is not fluorescent under the same illumination and detection settings, confirming that the fluorescence signal arises from the protein coating. Moreover, line profiles of the fluorescence intensity across the protein-coated GO surface indicate that the fluorescence intensity across a single proteincoated GO sheet is uniform ( Figures S4 and S5 ). Taken together, using BSA as a model protein, we identified that the 10:1 protein/nanomaterial mass ratio is a suitable condition for the incubation step and further demonstrate selective immobilization of protein on the GO surface.
To investigate the coating of other tested proteins on GO and rGO surfaces, additional BCA assay experiments were conducted (Figure 3c ). The appropriate protein, BSA, HSA, IgG, or factor H, was incubated for 1 h with GO or rGO in a 10:1 weight ratio and then centrifuged in order to separate unbound protein from coated protein, thereby enabling indirect measurement of the amount of loaded protein. In the GO case, the BSA and HSA coatings had similar loading percentages (∼100−110%), while IgG and factor H exhibited even greater loading, with values reaching 140%. Figure 3d presents the zeta potential values for pristine GO and rGO and the proteincoated variants thereof. The zeta potential values of GO and rGO were −22.6 ± 3.1 mV and −14.8 ± 1.0 mV, respectively, which are attributed to ionization of functional groups and agree well with literature values. 70, 78 Interestingly, protein coatings resulted in decreased zeta potential values, with BSA and HSA coatings having similar effects. Albumin-coated GO and rGO had zeta potential values of ca. −15 and −10 mV, respectively, indicating only minor changes in surface charge. 41 On the other hand, factor H-and IgG-coated samples had greater reductions in zeta potential values to ca. −8 and −3 mV, respectively. Altogether, the data confirm the successful preparation of protein-coated GO with an optimized protocol that we carried forward to evaluate for complement-inhibiting activities.
Inhibition of Total Complement Activation. One of the most widely used in vitro markers of total complement activation is the MAC, which is generated as part of complement activation across all three pathways. It provides a key indicator for evaluating the complement-activating properties of a nanomaterial. 16 Pristine and protein-coated GO samples were incubated in normal human serum, and the generated levels of the MAC (sC5b-9) were measured by an enzyme-linked immunosorbent assay (ELISA) ( Figure 4 ). As part of innate host defense, low levels of complement activation are a naturally occurring process and baseline levels were recorded in normal human serum (Figure 4a ). In the presence of pristine GO or rGO, there was a nearly 3-fold increase in sC5b-9 generation. Compared to the pristine samples, IgGcoated samples strongly activated complement by more than 200%, behaving similarly to the zymosan positive control. On the other hand, the rest of the protein coatings reduced sC5b-9 generation.
The BSA and HSA protein coatings had similar performances, yielding ∼40% inhibition as compared to pristine samples. Strikingly, the factor H-coated samples achieved >90% inhibition, as compared to pristine samples, demonstrating nearly complete prevention of complement activation. The experiments were also conducted in EGTA-treated serum, in which only the alternative pathway is known to be active (Figure 4b ). 79 The IgG-coated samples again provoked sC5b-9 generation, while the factor H-coated samples reduced sC5b-9 generation down to background levels, effectively demonstrating 100% inhibition of complement activation down the alternative pathway. In contrast, the BSA-and HSA-coated samples were less effective, with inhibition levels ranging between 5 and 35%, compared to pristine samples. Taken together, these findings demonstrate that factor H is a highly effective coating to mitigate GO-induced complement activation.
In addition, the levels of C3a generated were measured by ELISA measurements, as shown in Figure 5 . Released from the C3 convertase as part of complement activation, the C3a peptide is an inflammation-causing anaphylatoxin, which serves as another marker of total complement activation. 80 In normal human serum, pristine GO and rGO had a 20% increase in C3a release over background levels, while IgG-coated samples, and the zymosan positive control, induced significantly increased C3a release (∼80−100% increase) compared to pristine samples (Figure 5a ). A surprising observation was that GO samples coated with factor H or one of the serum albumins not only prevented complement activation but also effectively inhibited C3a release well below baseline levels. In EGTAtreated serum, similar results were obtained; however, there was a pronounced decrease in the inhibitory effectiveness of BSAand HSA-coated samples (Figure 5b ). In marked contrast, factor H coatings again inhibited C3a release, consistent with the notion that surface-bound factor H is functionally active as a complement inhibitor. Overall, the data supports that factor H-coated GO nanomaterials largely avoid activating the complement system based on only marginal increases in MAC generation and inhibition of C3a anaphylatoxin release.
Modulation of Specific Complement Pathways. To understand how protein-coated GO nanomaterials bypass the alternative and classical pathways of complement activation, the generation of additional complement markers was measured. When the alternative pathway is activated, complement factor D cleaves complement factor B, yielding an inactive Ba fragment and a proteolytic Bb fragment that forms a complex with C3b known as the C3bBb convertase. 81 Since this convertase cleaves the C5 protein leading to MAC formation, 82 the concentration of generated Bb fragments is an important indicator of the extent of complement activation along the alternative pathway. Figure 6 presents the levels of Bb generated, as measured by ELISA measurements. Compared to baseline levels, Bb generation induced by pristine GO or rGO was increased by 10−30%. However, appreciable increases in Bb production (70−120% increase) were observed for IgGcoated samples. On the other hand, BSA-and HSA-coated samples strongly inhibited Bb production down to baseline levels, while factor H-coated samples prevented Bb production below baseline levels. This finding offers further evidence that surface-adsorbed factor H is strongly inhibitory against the alternative pathway, likely stymieing the amplification loop of the alternative pathway.
To determine the role of nonalternative pathways, i.e., the classical and lectin pathways, in the complement response to protein-coated GO and rGO, the levels of C 4d, a split product of C4 that is used as a diagnostic biomarker and believed to play a role in mediating inhibitory effects on immune cells, 83 were determined by ELISA measurements, as shown in Figure  7 . Pristine GO and rGO caused an 80% increase in C 4d production, while IgG-coated samples induced almost 3-fold higher production than pristine samples. The latter observation is in good agreement with results obtained for the heat-treated IgG aggregates, which serve as the positive control for this experiment. 58 In contrast, both BSA and HSA coatings had negligible effects on C 4d generation. While the factor H coating on rGO also had a negligible effect, one surprising finding was that the factor H coating on GO increased C 4d production by around 30%. Considering that multiple lines of evidence strongly support that factor H-coated GO nanomaterials do not induce complement activation beyond naturally occurring levels, this finding demonstrates that inhibiting the alternative pathway is the key process to prevent excessive complement activation due to the fact that the alternative pathway contains the amplification loop that translates initial recognition-level events in each pathway into a concerted immune response. Taken together, these findings establish that protein-coated graphene nanomaterials can be readily fabricated using noncovalent self-assembly, and complement activation or inhibition can be controllably tuned based on protein identity. Importantly, we demonstrate that factor Hcoated graphene nanomaterials can effectively prevent complement activation.
The demonstrated capability of albumin and factor H coatings to cloak GO and to mitigate complement activation supports that there are at least two ways in which these coatings work. The first effect likely relates to steric blocking as the protein coating acts as a passivating layer in order to prevent complement proteins from interacting with GO (e.g., as for serum albumins). At the same time, surface-bound proteins involved in regulating complement activation may have additional effects, as demonstrated by inhibition of complement activation in the case of surface-bound factor H coatings. Indeed, the case of factor H is of particular interest because there have been extensive efforts to develop factor H coatings, with limited success. As described in the introduction, noncovalent deposition of factor H onto hydrophobic polystyrene surfaces was unsuccessful at preventing complement activation, 52 in turn inspiring more sophisticated efforts to tether purified factor H 53 covalently or to recruit endogenous factor H to surfaces. 55 However, it is well-known that adsorption of the same protein onto hydrophobic surfaces versus hydrophilic surfaces proceeds in different ways, and these differences can be reflected in the orientation and conformational properties of the adsorbed protein. 84 The fact that noncovalent deposition of factor H on polystyrene does not result in functional, surface-adsorbed factor H does not exclude the possibility that surface-adsorbed factor H on hydrophilic surfaces, or at least some subset thereof, could retain function as a complement inhibitor, as demonstrated here. Furthermore, early attempts to utilize noncovalent protein deposition as a means of mitigating nanomaterial-induced complement activation had limited success, although it should be emphasized that those studies utilized carbon nanotubes, which have significantly lower protein binding capacities than GO (vide supra).
As such, we demonstrate that noncovalent deposition of factor H on a hydrophilic surface, namely GO sheets, is successful at mitigating complement activation, and this approach should be explored further for nanomaterials and more generally for the surfaces of biomaterials.
In order to explain why factor H coatings are so effective at not only preventing complement attack but also lowering basal levels of complement activation, we note that factor H is a known complement inhibitor that regulates the amplification loop of the alternative pathway. 85 Specifically, factor H binds to complement C3b fragments and inhibits formation of the C3bBb convertase, which is necessary for propagating the amplification response, thereby inhibiting downstream (terminal) events in the complement cascade (e.g., MAC formation, C5a generation). 50 Therefore, in order to ascertain if surfacebound factor H on GO maintains functional activity, we performed a direct cofactor assay in which factor H-coated GO or BSA-coated GO was incubated in buffer containing C3b (104 kDa) and factor I. Functionally active factor H is a cofactor for factor I-mediated C3b cleavage, yielding inactivated C3b (iC3b) protein. 86 Indeed, by employing Western blot analysis, we observed that surface-bound factor H retains functional activity based on iC3b generation and the resulting fragment thereof, with observed behavior similar to that of the soluble factor H control alone ( Figure S6 ). By contrast, surfacebound BSA did not facilitate iC3b generation. The findings reinforce our foregoing observations that serum albumin coatings mitigate GO-induced complement activation by a passivating effect, whereas factor H coatings not only exhibit a passivating effect but also maintain some degree of functional activity that mirrors the natural regulatory role of soluble factor H. Within this context, one significant advantage of mitigating complement activation at the amplification stage is that complement-mediated immune surveillance is still possible at the initiation stages of complement activation preceding the amplification loop. 87 Indeed, there has been growing interest in complement therapies directed against complement C3 protein and fragments thereof (e.g., C3b protein), and localized inhibition of complement activation due to factor H coatings is an attractive strategy that avoids potential complications from systemically administered C3/C3b inhibitors. 88 In the broader context of nanomaterials, our findings demonstrate that protein-coating strategies can provide an effective means to inhibit nanomaterial-triggered complement activation. Considering that all of the proteins evaluated in this 
ACS Nano
Article DOI: 10.1021/acsnano.6b05409 ACS Nano 2016, 10, 10161−10172 study are found in abundance in blood, the feasibility of extending this approach beyond purified proteins to physiological fluids warrants attention. Indeed, incubating GO in fetal bovine serum has previously led to the formation of a natural protein corona that mitigates GO-induced cytotoxicity. 40 However, in the case of preventing complement attack, recent evidence points to the importance of using purified proteins because this strategy offers greater control over the protein composition on the nanomaterial surface. 89 In particular, Xu et al. identified that IgG is the main serum protein that comprises the natural corona formed on GO. 29 On the basis of our findings, an IgG-coated GO stimulates complement activation as compared to pristine GO, and hence, a natural protein corona with IgG as the main constituent would likely be ineffective, at least in the case of GO. Therefore, precoating GO with purified proteins or combinations thereof likely represents the best opportunity to prevent complement attack, and the balance of natural versus biomimetic corona strategies should be weighed for other nanomaterials depending on the protein composition of natural coronas that spontaneously form on them. For example, Yu et al. characterized the relative fraction of adsorbed proteins within the protein corona that formed on glycopolymer-modified nanoparticles in physiological fluids and discovered that nanoparticles that adsorbed more factor H induced lower levels of complement activation. 90 Lastly, we note that the specific composition of the protein corona likely shifts from a homogeneous coating of a single protein to a more diverse milieu of proteins when the GO nanomaterial is exposed to physiological fluids, as reported in other recent work. 91−93 While our findings identify that factor H and serum albumin coatings both prevent GO-induced complement activation to differing extents, understanding the implications of these findings in terms of the final corona composition is an outstanding subject for future work, especially in the context of identifying other protein coatings that might help recruit endogenous factor H to the nanomaterial surface. In line with the aforementioned reports identifying a correlation between low complement activation and the amount of endogenous factor H adsorbed onto a nanomaterial surface as part of the corona, our observation that surface-bound factor H can serve as a cofactor to promote iC3b generation supports that factor H itself is an important part of the corona composition.
Moreover, in terms of biomimetic strategies to precoat nanomaterials with regulatory proteins, there is a significant opportunity to explore how factor H and its constructs (i.e., mini-factor H), as well as other complement inhibitors (e.g., vitronectin, compstatin, clusterin), influence not only complement activation but also other aspects of the innate immune response as well as minimize nonspecific cellular uptake, potentially enabling truly comprehensive stealth immune properties. Indeed, mini-factor H is a promising therapeutic agent for treating complement-related diseases 94 with superior inhibitory activity against complement activation as compared to factor H, and Meśzaŕos et al. recently demonstrated in in vitro experiments that exogenous factor H and mini-factor H can inhibit complement activation induced by liposomal and micellar drugs as well as by the therapeutic antibody rituximab. 95 However, one challenging aspect thus far in the clinical translation of mini-factor H constructs has been their short serum half-lives. 96 Coating complement inhibitors onto nanomaterial surfaces as presented here offers a simple approach to not only regulate innate immune responses triggered by the nanomaterial itself but could also potentially lead to drug delivery platforms that improve the pharmacokinetic and pharmacodynamic properties of complement inhibitors.
CONCLUSIONS AND PROSPECTS
In this work, we have shown that protein coatings on GO enable highly effective mitigation of nanomaterial-induced complement activation in a manner that strongly depends on the protein identity. Compared to previous attempts with polymeric coatings, our results demonstrate that protein coatings offer a superior and simpler functionalization approach that can be harnessed either to down-regulate or to up-regulate the complement system. In particular, both albumin and factor H coatings demonstrated significant protection against complement attack, with surface-adsorbed factor H functioning effectively as a complement inhibitor that conferred stealth immune properties. Such approaches should be broadly applicable to two-dimensional nanomaterials with high protein binding capacities along with other biomaterial surfaces. Looking forward, there is enormous promise at the interface of nanomaterials and complement biology, with broad implications for a wide range of biomedical applications.
EXPERIMENTAL METHODS AND MATERIALS
Reagents. The BSA, FITC-conjugated bovine serum albumin, HSA, and IgG protein reagents were obtained from Sigma-Aldrich and stored at 4°C. Purified human factor H, factor I, C3b, and iC3b were obtained from Complement Technology (Tyler, TX) and stored at −80°C. Normal human serum and preactivated zymosan saline were also obtained from Complement Technology and stored at −80°C. Complement iC3b (neoAntigen) antibody (013III-1.16) (catalog no. MA1-82814) was the primary mouse monoclonal antibody for iC3b and was obtained from Thermo Fisher Scientific. The secondary antibody, a goat antimouse IgG (H+L)−HRP conjugate (catalog no. 170-6516), was purchased from Bio-Rad Laboratories (Singapore). All other reagents were purchased from Sigma-Aldrich or Bio-Rad Laboratories and were of analytical grade.
Preparation of Graphene Oxide and Reduced Graphene Oxide. A commercially synthesized GO solution from Sigma-Aldrich (catalog no. 777676) was prepared as a stock concentration of 4 mg/ mL in deionized (DI) water. For the chemical reduction of GO, the stock solution was diluted to 0.5 mg/mL with DI water to a final volume of 5.616 mL and heated to 60°C in a water bath. Twenty microliters of a 1:10 (v/v) dilution of hydrazine monohydrate was then incubated in the heated GO solution for 1 h. After incubation, the solution was removed from the water bath and centrifuged at 16000g for 30 min. Sedimented rGO was separated from the supernatant in order to remove any residual hydrazine. The rGO was then redispersed in DI water or PBS depending on the experiment.
Materials Characterization. The GO sheets were drop-casted onto clean silicon dioxide substrates for material characterizations. The substrates were first cleaned by rinsing with acetone, 2-propanol, methanol, and water and were dried with a gentle stream of nitrogen gas and 2 h treatment in a Novascan PSD benchtop UV-ozone cleaner (Ames, IA). Next, 3 μL of 50 μg/mL GO or rGO in deionized water was drop-casted onto the clean substrate and allowed to dry overnight at room temperature. The SEM characterization was performed using a JEOL FESEM 7600F instrument at an accelerating voltage of 7 kV and images were taken at 6000× magnification. Atomic force microscopy (AFM) experiments were conducted using a Park Systems NX-Bio instrument (Suwon, South Korea) in contact mode with a 1 Hz scan speed and a NT-MDT CSG01 silicon cantilever (Tempe, AZ) with a spring constant of 0.07 N/m. UV−vis spectra were collected using a PerkinElmer Lambda 35 ES UV/vis spectrophotometer (Waltham, MA). Raman spectra were recorded using a WITec Alpha300RSA (Ulm, Germany) with an excitation laser wavelength of 488 nm. Infrared spectra were collected using a Bruker VERTEX 70
Fourier transform infrared spectrometer (Billerica, MA) that was operated in transmission mode over the range from 4500 to 500 cm −1 with a scanning resolution of 2 cm −1 with 100 repetitive scans. Samples for FTIR analysis were prepared by mixing solutions with KBr and preparing pellets with a hydraulic press. Protein Loading. Proteins were hydrated in PBS at a concentration of 1 mg/mL, and appropriate volumes were incubated with 0.5 mL of 0.05 mg/mL GO and rGO diluted in PBS, fixing the nanomaterial mass at 25 μg. Samples were incubated at 37°C for 2 h and then centrifuged at 16,000g for 30 min. The supernatant was removed, and the pellet was suspended in fresh PBS, while the supernatant was characterized by using a bicinchoninic acid (BCA) protein assay from Thermo Scientific (Pierce BCA protein assay kit). A 25 μL aliquot of protein supernatant was measured in triplicate in order to determine the unbound protein amount, from which the bound protein amount was determined using standard curves.
Zeta Potential Measurements. The electrophoretic mobility of pristine and protein-coated GO sheets in solution was determined by laser Doppler velocimetry and phase analysis light scattering measurements. A Malvern Zetasizer Nano ZS ZEN 3600 (Malvern Instruments Inc., UK) with a 633 nm wavelength laser was used for all measurements. The measurements were conducted in a 10 mM Tris (pH 7.5) buffer solution with 10 mM NaCl. The temperature of all experiments was set at 24°C.
Fluorescence Confocal Laser Scanning Microscopy. The FITC-labeled BSA was first incubated with GO at a protein/ nanomaterial ratio of 10:1 (saturation condition) in PBS and then centrifuged, after which the supernatant was discarded and the precipitate was redispersed in PBS. Then, 3 μL of FITC-BSA-loaded GO was drop-casted onto glass microscope slides. Each slide was precleaned with acetone, 2-propanol, and deionized water followed by a 2 h ozone treatment. Fluorescence CLSM imaging was performed using a Carl Zeiss LSM710 confocal microscope (Oberkochen, Germany). A drop of mounting medium (Vecta-shield) was added on top of the drop-cast sample followed by a coverslip. Images were collected under the following conditions: laser excitation line of 488 nm at 11.1% power; EC Plan-Neofluar 100 × /1.3 Oil M27 objective lens; pinhole of 175 μm; emission filter of 416−477 μm; image size of 28.3 μm × 28.3 μm, 1024 × 1024 pixels; and pixel dwell time of 177 μs. Images were processed using the ZEN 2008 Light Edition software package.
ELISA Assays. MicroVue sC5b-9 Plus EIA, Bb Plus EIA, C 4d EIA, and C3a Plus EIA kits were purchased from Quidel (San Diego, CA). Before the experiments, protein coatings were formed on GO and rGO sheets following the procedures described above (10:1 mass ratio), with a fixed nanomaterial mass of 15 μg. The samples were then centrifuged, and the supernatant was discarded while the precipitated nanomaterial was resuspended in fresh PBS. After redispersion, 10 μL of the sample was mixed with 40 μL of normal or EGTA-treated human serum in a 1:4 volumetric ratio, with final nanomaterial concentrations of 30 μg/mL in serum. The samples were incubated for 60 min at 37°C and then transferred to an ice bath along with 25 mM EDTA addition to stop complement activation. Zymosan was used as a positive control for most experiments and was incubated in serum at a final concentration of 1 mg/mL. The only exception was the C 4d kit, for which the positive control was heat-aggregated IgG, which was previously incubated in PBS at 70°C for 30 min and then subsequently diluted in normal human serum to a final concentration of 1 mg/mL. All kits were followed according to the manufacturer's instructions, measurements were conducted in triplicate, and the results are expressed as the mean ± standard deviation. Statistical significance was evaluated by one-way analysis of variance (ANOVA) followed by the Tukey test, and the values were compared to those of the GO or rGO-only measurements. Statistical analysis was conducted using the OriginPro 9 software program (OriginLab Corporation, Northampton, MA), and a P value of less than 0.05 was considered to be statistically significant (*).
SDS-PAGE and Western Blot Analysis. Protein-coated GO samples were suspended in 0.5 mL of PBS and then mixed together with 0.5 mL of purified factor I (0.005 mg/mL) and 0.5 mL of purified C3b (0.05 mg/mL) sequentially. The mixture was incubated at 37°C for 30 min. After incubation, the samples were centrifuged at 16000g for 30 min, and the supernatant from each sample was collected for Western blot analysis. The supernatants were mixed with 4× Laemmli sample buffer and heated in boiling water for 5 min, and then 20 μL of each boiled sample was loaded into the respective wells of a 10% polyacrylamide gel. Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis was run at 100 V. The proteins were trans-blotted onto a nitrocellulose membrane at 300 mA for 2 h. The trans-blotted membrane was blocked by 5% fat-free milk in TBST (Tris buffer, pH 7.6 with 0.5% Tween-20) for 1 h at room temperature and then incubated with the primary antibody of iC3b (diluted 1:500 in blocking buffer) at 4°C overnight. After three washes with TBST, the membrane was incubated with horseradish peroxide conjugated secondary antibody (diluted 1:2000 in blocking buffer) for 1 h at room temperature. After three washes with TBST, the protein bands were detected using an ECL reagent kit and imaged with an Amersham Imager 600 (GE Healthcare, Singapore).
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